In this article, we present the results of applying a petroelectrical research technique to complex terrigenous and carbonate reservoirs. There have been determined the petroelectrical properties and their relation to porosity and permeability of sandstones, dolomites and limestones (Cambrian deposits) from the Volodymyrska area, Volyno-Podillia. The aim of the research was to build petroelectrical models of reservoir rocks to ensure a comprehensive analysis of electrical parameters of rocks and their correlation with porosity and permeability. Determining effective resistivity of reservoir rocks can provide data on: changes in different types and groups of rocks, stratigraphic horizons, facies and geological sections; correlations between effective resistivity and mineral composition, pore structure, substance phase ratio, electric field intensity and frequency; resistance variations due to epigenetic transformation and metamorphic changes in rocks.
Introduction. The intricate correlation between porosity, permeability and logging and field geophysical data requires a thorough analysis based on petrophysical laboratory studies. A crucial factor in determining the geoelectrical properties of rocks is electrical resistivity ( ), which is determined by rock composition and texture, capacity space structure, oil-gasand water saturation of rocks, porosity factor, reservoir water salinity, temperature and pressure [1] [2] [3] [4] [5] [6] [7] [8] .
Our main purpose was to develop a petroelectrical model of reservoir rocks so as to provide the basis for a comprehensive analysis of their electrical parameters and their relation to porosity and permeability. Determining reservoir rock resistivity is essential to clarifying its variation range for certain types and groups of rocks, determining individual stratigraphic horizons, sections and facies; revealing the correlation between resistivity and a number of attributes, such as mineral composition, pore space structure, the phase relation of matter, frequency and tension of the electric field, as well as identifying the nature of changes in electrical resistivity under epigenetic transformations and metamorphic changes in rocks.
Laboratory data on resistivity variation in rocks are used in electrical logging interpretation and electrical exploration.
This paper presents the results of petroelectrical laboratory analysis of Cambrian sandstones, limestones and dolomites from the hydrocarbon prospective Volodymyrska area (Volodymyrska-1 and Volodymyrska-2 wells, the interval 1,190-2,520 m). The area is located in the northern part of the eastern side of the Lviv Paleozoic rock bend in Volyno-Podillia edge of the East-European platform.
Experiment. A series of laboratory experiments involved identifying the density of the rocks under study (dry and saturated with synthetic brine), open porosity (method of nitrogen saturation and method of synthetic brine saturation), residual water saturation factor (by centrifugation), permeability (nitrogen filtration method), interval time (velocity of P-waves) and resistivity. In the laboratory experiments, we determined electrical resistivity of rock samples under various conditions (dry, partially and completely saturated with reservoir synthetic brine) under atmospheric conditions and under those similar to in-situ conditions.
Laboratory electrometric measurements of dry core samples were performed at a temperature of 20° C with a digital teraohmmeter C.A. 6547, which ensures highprecision measurement of electrical resistivity in the range of 10 Ohms to 10 Ohms, using a DC twoelectrode scheme, with computerized digital recording [3] [4] [5] [6] [7] . For NaCl (M = 30 g/l) saturated samples, RCL-meter MHC-1100 was used. Cylindrical samples to be tested were placed in a special core holder with nonpolarized electrodes, which are specially made from graphitized rubber. In order to determine the correlation between the petrophysical parameters and the water saturation levels ISSN 1728 ISSN -2713 . 4(67)/2014 ~ 39 ~ (and hence oil and gas saturation) of rocks, we studied the changes in resistivity while stripping water on centrifuge OC-6M. Petroelectrical analysis involved repeated measuring of electrical resistivity in core samples saturated with synthetic brine. Measurements were performed before and after centrifugation in stripping modes from 1,000 to 6,000 rev/min with a measurement interval of 1,000 rev/min, water displacement pressure ranging from 0,2 to 1,0 MPa (7 measurement cycles). Simultaneously, water saturation factor and velocity of elastic waves were being determined. The mean relative error of electrical resistance was estimated to be 2,4%.
Data analysis. Petrophysical laboratory research yielded data on porosity, permeability and electric properties of the major types of rocks, as shown in Data analysis showed that in sandstones, relative changes in formation resistivity factor range from 20.4 to 85.5, with an average value of 50. Accordingly, porosity variation is within the range of 0.089 to 0.116, with an average value of 0.077. For limestone, variation in formation resistivity ranges from 143.9 to 207.6, with an average value of 180, whereas porosity varies from 0.002 to 0.015, with an average value of 0.008. Dolomites show variation in formation resistivity factor ranging from 81.7 to 198.7, with an average value of 145, and porosity variation of 0.005 to 0.038, with an average value of 0.017.
Limestone and dolomite from Volodymyrska area show little difference in the values: coefficient a is 41 and 36.6 respectively, and the structural index m -0.273 and 0.33.
On the other hand, for sandstones from the Volodymyrska area, coefficient a is 1.675, and structural index m -1.124, these values being markedly different from those above.
We used the centrifuge OC-6M in our laboratory experiment and carried out statistical analysis of petroelectrical measurements to determine the correlation between resistivity index (I R ) and water saturation factor (S w ) for the rocks under study. Correlation dependences are as follows: for sandstones - Data analysis shows that the sandstones have a resistivity index ranging from 1 to 3.23, with an average value of 1.24. Accordingly, water saturation factor ranges from 1 to 0.29, with an average value of 0.88. For limestones, resistivity index variation is from 1 to 7.19, with an average value of 2.24 and water saturation factor ranging from 1 to 0.08, with an average value of 0.48. For dolomites, resistivity index ranges from 1 to 2.76, with an average value of 1.44 and the corresponding water saturation factor varying from 1 to 0.33, with an average value of 0.71.
It should be noted, that in the correlation equation To evaluate specific resistivity of rocks in situ, we carried out a comprehensive study using a special high pressure installation -VSC-1000, with pressure ranging from the atmospheric pressure to 59 MPa. The results clearly show that under increasing pressure, closing of microcracks and deformation of the pore space result in an increase in the electrical resistivity of rocks. We have been able to define the correlation between the mean value of the resistivity increase coefficient (Q) and pressure (p) for sandstones and limestones. This relationship can be expressed by polynomials of order 3 and 4: Figures 3a and 3b show this relationship. Sandstones show a variation of resistivity increasing coefficient ranging from 1 to 2.12, with an increase in the hydrostatic pressure from the atmospheric pressure up to 59 MPa. For the limestones, the variation range of resistivity increasing coefficient is from 1 to 7.7, with an increase in the hydrostatic pressure from the atmospheric pressure up to 59 MPa. Graphs in Fig. 3 suggest that there are three areas showing marked differences in the nature of electric resistivity variation. In the first area, where pressure ranges from the atmospheric pressure to 24.5 MPa, resistivity increasing coefficient is very high -up to 1.8 for sandstones. This may be caused by intense closing of microcracks, which reduces channels conductivity. The following range of pressure variation -from 24.5 to 44 MPa -is associated with a certain stabilization of electrical resistivity variation. In this case the coefficient of resistivity increasing ranges from 1.8 to 2 for sandstones. In the range of pressures from 44 to 59 MPa resistivity increasing coefficient is lower than in the first range, but higher than in the second one. The slow growth rate of the resistivity increasing coefficient in the ranges (plots) 2 and 3 may be accounted for by relatively smaller (than in the first range) deformations of the pore space, which constricts or breaks the conduction channels. For limestones, in the first section (pressure increases from atmospheric to 9.8 MPa) the resistivity increasing coefficient varies from 1 to 2. In the range of pressures from 9.8 to 29 MPa, there is some stabilization in electrical resistivity variation to be observed. With pressure increasing above 30 MPa, the resistivity increasing coefficient rises sharply (up to 7.7 at a pressure of 59 MPa). This is probably due to abrupt closing of major cracks responsible for electrical conductivity.
Using the data on measuring resistivity under pressure, we calculated its values for the rocks in situ. A petroelectrical study with high pressures applied enabled us to define the relationship between porosity ( ) and formation resistivity factor (F R ) in situ. The Archie-Dahnov Equation for the Cambrian sandstones (in situ) is as follows (Fig. 4): 1.52 R , F 1.365 , with R 2 = 0.92.
Fig. 4. Correlation between porosity ( ) and formation resistivity factor (FR) under in situ conditions for the Cambrian sandstones
To evaluate electrical anisotropy, we took measurements of electrical resistivity along and across the stratification. Resistivity anisotropy coefficient was determined using the formula: The results show that the resistivity anisotropy coefficient of dry extracted sandstones varies from 1.01 to 1.09, with an average value of 1.05. Anisotropy factor of saturated (NaCl solution) sandstones ranges from 1.05 to 1.18, with an average value of 1.12.
A comprehensive analysis of the petrophysical data set was the basis for determining petroelectrical models of consertal sandstones, limestones and dolomites. In this paper, the petroelectrical model is presented in the form of geoelectrical data and relationships between petroelectrical parameters and physical properties of the Volodymyrska area rocks. These data are summarized in Table 2 .
Conclusions. We have shown that, being a powerful tool for both laboratory and field studies, electrometric methods prove to be effective and provide extensive and accurate data on the properties of rocks. Petroelectrical study plays an important role in petrophysics and is widely used in determining the physical properties of rocks and ores. Determining their composition, structure and condition is essential for solving various tasks in mineral exploration, particularly in petroleum geology.
Laboratory experiment has been conducted in order to determine the petroelectrical attributes of Cambrian sandstones, limestones and dolomites from the hydrocarbon prospective Volodymyrska area. It was found that the electrical resistivity of the dry extracted samples (determined mainly by electrical resistance of the rock matrix) ranges from 5.2·10
4 Ohms m (sandstones) to 2.4·10 7 (dolomites), with an average value of 3.8·10
6 . The electrical resistivity of rock samples saturated with synthetic brine (NaCl solution) ranges from 7.2 Ohms m (sandstones) to 73 (limestones), with an average value of 45. The formation resistivity factor ranges from 20.4 to 85.5 with an average value of 44.1 (sandstones); from 143.9 to 207.6, with an average value of 188.6 (limestones); from 81.7 to 198.7, with an average value of 155.6 (dolomites). The variation range of the resistance increase is: from 1 to 3.24, with an average value of 1.24 (sandstones); from 1 to 7.19, with an average value of 2.24 (limestones); from 1 to 2.76, with an average value of 1.44 (dolomites). Sandstones are characterized by changes in resistance from 1 to 2.12 with an increase in pressure from atmospheric to hydrostatic (to 59 MPa), while for limestones the resistivity index ranges from 1 to 7.7, with pressure ranging between 0-49 MPa. Our study has revealed empirical relationships between petroelectrical parameters and filtration-capacity properties of sandstones, limestones and dolomites, which are essential to the geological interpretation of geophysical data. These relationships are approximated by a power function.
Extensive petroelectrical research into the properties of sandstones, limestones and dolomites has ensured accurate petroelectrical models of these rocks based on geological and geophysical data. The models show significant differences in the electrical parameters of sandstones, limestones and dolomites. These models can become a powerful tool in studying the petrophysical properties of different rock types. Further research into petroelectrical properties of rocks will require data on dielectric permeability, dielectric loss tangent, as well as evaluating the relevance of geoelectric parameters which account for variation in electrical resistivity of dry extracted samples exposed to direct current over longer periods of time and establishing their correlations with logging data. 
